The effects of pressure on antiferromagnetic (AFM) and superconducting phase transitions of 112-type Ca 1−x La x FeAs 2 were studied, and the in-plane electrical resistivity ρ ab was measured with an indenter-type pressure cell. The AFM phase transition temperatures of T N = 47, 63, and 63 K at ambient pressure for x = 0.18, 0.21, and 0.26 was suppressed by applying pressure P, with superconductivity emerging at critical pressures of P c ≃ 0, 1.5, and 3.4 GPa, respectively. Correspondingly, the slope of T N against P decreased as dT N /P ≃ −15 and −2 K/GPa for x = 0.21 and 0.26, respectively. Thus, although the AFM phase was stabilized with La doping x, the AFM phase was suppressed by pressure, and superconductivity eventually emerged.
The parent compounds of most iron-based superconductors exhibit antiferromagnetic (AFM) ordering, and superconductivity emerges with high transition temperature, T c , when the AFM phase is suppressed by pressure or chemical doping. 1) Some iron-based superconductors, however, exhibit AFM ordering that is induced by pressure or chemical substitution. For example, in hydrogen-doped LaFeAsO 1−x H x , the substitution of H − for O 2− results in the suppression of superconductivity, and an AFM phase emerges at x ≥ 0.4, where the electrons are overdoped. 2, 3) In phosphorous-doped LaFeAs 1−x P x O, an AFM phase emerges at 0.4 ≤ x ≤ 0.7 because of the substitution of P 3− for As 3− . [4] [5] [6] [7] Phosphorus doping also results in the emergence of an AFM phase in (Ca 4 Al 2 O 6 )Fe 2 (As 1−x P x ) 2 at 0.3 ≤ x ≤ 0.95. 8) In these cases of phosphorus doping, no charge carriers are introduced because phosphorus and arsenic are isovalent elements. A pressure-induced AFM phase has been reported in FeSe at P ≥ 0.8 GPa. [9] [10] [11] [12] Interestingly, in FeSe, the application of higher pressures suppresses the AFM phase, and the superconducting transition temperature T c exhibits a sudden increase up to 38 K at 6 GPa. 13) Very recently, a novel iron-based superconductor exhibiting doping-induced AFM ordering has been discovered in the 112-type compound Ca 1−x La x FeAs 2 .
14-18) The Ca 1−x La x FeAs 2 compound crystallizes into a monoclinic structure with space group P2 1 (No. 4, C 2 2 ) with alternately stacked FeAs and Ca 1−x La x As layers along the caxis. While the end member, or the parent compound without La doping CaFeAs 2 , was not obtained, the substitution of La for Ca stabilized the 112 phase at 0.15 ≤ x ≤ 0.27 for Ca 1−x La x FeAs 2 . The highest value of T c = 35 K has been found at x = 0. 15 21) Interestingly, the AFM ordering induced by La-doping is suppressed by the doping of either Co or Ni, and superconductivity emerges in Ca 0.74(1) La 0.26(1) Fe 1−y Co y As 2 at y > 0.02 22) and in Ca 1−x La x Fe 1−y Ni y As 2 at y > 0.004 and x = 0.18 and 0.24. 23) Although both La and Co/Ni doping produce electron charge carriers, La and Co/Ni doping have opposing effects in Ca 1−x La x FeAs 2 materials: La doping suppresses superconductivity and induces AFM ordering, while Co/Ni doping suppresses AFM ordering and induces superconductivity. This raises the question of whether the application of pressure enhances AFM ordering, as in the case of La doping, or suppresses AFM ordering, as in the case of Co/Ni doping.
In this paper, we present the results of resistivity measurements under various pressures in Ca 1−x La x FeAs 2 with x = 0.18, 0.21, and 0.26, which exhibited AFM ordering at T N = 47, 63, and 63 K, respectively. Our results revealed that the application of pressure suppressed the AFM ordering and induced superconductivity. Thus, the AFM ordering of Ca 1−x La x FeAs 2 exhibited a "normal" response to pressure.
Single crystals of Ca 1−x La x FeAs 2 were grown by heating a mixture of Ca, La, FeAs, and As powders as described elsewhere.
16) The La content x was analyzed by energy-dispersive X-ray spectrometry. The in-plane electrical resistivity ρ ab was measured with a standard four-probe method. Pressure was generated in an indenter-type pressure cell, 24) and we used Daphne 7474 as pressure-transmitting medium.
25) The applied pressure was determined from the superconducting transition temperature T c of the lead manometer as P = [T c (0) − T c (P)]/0.364 in GPa. 26, 27) ambient pressure, ρ ab showed a kink at approximately 65 K, which became more evident in the dρ ab /dT vs. T data, which had a peak at 63 K, as shown in Fig. 1(b) . Previous neutron diffraction and transport measurements at x = 0.27 confirmed that the peak in dρ ab /dT was belonging to the AFM transition temperature T N . 21 ) Accordingly, we determined T N = 63 K from the peak temperature of dρ ab /dT . Compared to temperature values in previous reports, this transition temperature was consistent with, but slightly different from, T N = 70 K, which was determined by NMR measurements for x = 0.24, 20) and T N = 54 K, which was determined by neutron diffraction measurements for x = 0.27.
21) The monoclinic-to-triclinic structural phase transition temperature T s cannot be obtained from the dρ ab /dT vs. T curve, which may have a kink at T s at a slightly higher temperature than T N , as reported by Jiang et al. 21) As shown in Figs. 1(a) and 1(b) , T N gradually decreased with the increasing pressure. The peak in dρ ab /dT became considerably broader above 2.3 GPa, but it was still existing up to 3.4 GPa, which was the maximum pressure measured. At 3.4 GPa, we found a superconducting transition at T c = 14 K, which was determined from zero resistivity and is indi- cated by a red arrow in Fig. 1(a) . This is the first example of pressure-induced superconductivity in a 112 system. We determined an onset temperature T onset c , where dρ ab /dT exhibited a steep increase with the decreasing temperature, as indicated by a broken red arrow in Fig. 1(b) . While it was unclear whether the AFM phase microscopically coexisted with superconductivity in the present resistivity measurements, based on magnetic susceptibility and µSR measurements, the microscopic coexistence of superconductivity and antiferromagnetism in Ca 0.74(1) La 0.26(1) Fe 1−y Co y As 2 was reported. 21) Thus, the determined T N , T c , and T onset c values are summarized in the P-T phase diagram for Ca 1−x La x FeAs 2 with x = 0.26, as shown in Fig. 2(a) . The sample exhibited an AFM ordering at T N = 63 K at ambient pressure. The transition temperature T N decreased with the increasing pressure P by an initial slope of dT N /dT ≃ −8.6 K/GPa. At higher pressures, the slope decreased with dT N /dT ≃ −2 K/GPa, suggesting that the AFM phase of x = 0.26 was robust against pressure, while T N decreased to 49 K at 3.4 GPa. Superconductivity at T c = 14 K suddenly emerged at this pressure, which we defined as the critical pressure P c (= 3.4 GPa).
In the same manner, we obtained pressure-temperature phase diagrams for x = 0.21 and 0.18, as shown in Figs.  2(b) and 2(c) , respectively. The x = 0.21 sample exhibited an AFM transition at T N = 63 K, which was almost the same as that observed for x = 0.26, at ambient pressure. However, the transition temperature T N rapidly decreased with the increasing pressure by a slope of dT N /dP ≃ −15 K/GPa, which was noticeably steeper than that observed for x = 0.26. Correspondingly, superconductivity emerged at P c = 1.5 GPa, and T c approached a maximum value of 32 K at 3.8 GPa. It was not clear whether the AFM phase coexisted with superconductivity at P > P c (= 1.5 GPa) in the present resistivity measurements, because the onset of the superconducting transition at T onset c prevented the observation of any anomalies that can be associated with AFM transition at T N (< T onset c ). For the x = 0.18 sample, the AFM phase was reduced to T N = 47 K, and superconductivity emerged at T c = 20.5 K at ambient pressure. A maximum of T c = 36.3 K was observed at 1.3 GPa, which was consistent with a previous report.
28 ) The AFM transition was not observed at P > 1.3 GPa, as observed from the monotonic temperature dependence of ρ ab in the normal state shown in Fig. 1(e) .
Our experimental results clearly demonstrate that the application of pressure suppressed the doping-induced AFM ordering, and resulted in a superconducting phase. Reasonable nesting, which is essential to the AFM ordering, was observed between the Fermi surfaces at the Γ and M points by angle-resolved photoemission spectroscopy measurements in Ca 0.73 La 0.27 FeAs 2 .
21) Thus, we believe that the application of pressure weakened the Fermi surface nesting and resulted in superconductivity.
The pressure dependence of T N and T c determined by inplane resistivity ρ ab has been investigated in Ca 1−x La x FeAs 2 (x = 0.18, 0.21, and 0.26) in order to understand the effect of pressure for doping-induced AFM ordering. When pressure was applied, T N decreased, and superconductivity appeared after the suppression of AFM ordering. This is the first example of pressure-induced superconductivity in a 112 system. The critical pressure P c , defined as the pressure where zero resistivity is observed, was ≃ 3.4, 1.5, and 0 GPa for x = 0.26, 0.21, and 0.18, respectively. The effect of pressure for the AFM ordering and superconductivity is opposite to that of La doping, but similar to those of Co and Ni doping.
Acknowledgments
Part of this work was performed at the Advanced Science Research Center, Okayama University. This work was partially supported by Grants-in-Aid for Scientific Research (Nos. JP15H01047, JP23244075, JP25400372, and JP26287082) provided by the Japan Society for the Promotion of Science (JSPS) and the Program for Advancing Strategic
